ABSTRACT Cells migrate through a crowded environment during processes such as metastasis or wound healing, and must generate and withstand substantial forces. The cellular motility responses to environmental forces are represented by their force-velocity relation, which has been measured for fish keratocytes but remains unexplained. Even pN opposing forces slow down lamellipodium motion by three orders of magnitude. At larger opposing forces, the retrograde flow of the actin network accelerates until it compensates for polymerization, and cell motion stalls. Subsequently, the lamellipodium adapts to the stalled state. We present a mechanism quantitatively explaining the cell's force-velocity relation and its changes upon application of drugs that hinder actin polymerization or actomyosin-based contractility. Elastic properties of filaments, close to the lamellipodium leading edge, and retrograde flow shape the force-velocity relation. To our knowledge, our results shed new light on how these migratory responses are regulated, and on the mechanics and structure of the lamellipodium.
INTRODUCTION
Cell motility is instrumental in virtually all aspects of life, including development, immune response, wound healing, and tumor metastasis. Many motile cells form a flat membrane protrusion, known as the lamellipodium, in the direction of movement. Lamellipodium movement is driven by the polymerization of actin filaments against its leadingedge membrane (1) (2) (3) (4) . The filaments can exert force, because their barbed ends polymerize and push against the membrane, whereas their pointed ends are anchored in an actin gel formed by entanglement and cross-linking. The cell velocity is determined by polymerization forces at the lamellipodium leading edge, contraction of the actin gel by myosin motors, cell adhesion to the substrate, and the backward-directed actin gel retrograde flow (5, 6) . These processes establish the force-velocity relation, which determines the cell's shape and movement (6) . This relation has been measured with a scanning force microscope (SFM) for fish keratocytes (7) (8) (9) by placing a flexible cantilever in the cell's migration path. The force exerted on the cell's leading edge as well as the lamellipodium protrusion velocity can be deduced from the time course of cantilever deflection.
The force-velocity relation of lamellipodium protrusion has several unexpected properties. Upon first contact with an obstacle such as the SFM cantilever, the velocity of the lamellipodium leading edge drops substantially, even though the cantilever presents a force below the threshold of measurement at this time. Subsequently, the lamellipodium then surprisingly pushes forward with an increasing velocity against an increasing force. As the lamellipodium nears its maximum protrusion force, its velocity decreases until the cantilever force balances with protrusion force and stalls lamellipodium motion (7) . This part of the force-velocity relation is clearly not convex, contrary to expectations and theoretical predictions (4, (10) (11) (12) and despite actin polymerization at the leading edge having a convex force dependency (4, 13) . The organization of the actin propulsion engine, which generates a concave forcevelocity relation, pauses at pN forces, yet only stalls at forces an order-of-magnitude larger, is an essential feature of the lamellipodium that is not understood.
Here, we measure the force-velocity relationship of fish keratocytes using spherical-probe-based SFM. We present a mathematical model that accurately explains all phases of the force-velocity relation, predicts the effects of drugs, and reproduces the diverse experimental results from a variety of studies (7, 8) .
MATERIALS AND METHODS

Force-velocity curves are measured with spherical probe-based scanning force microscopy
We measure the protrusion stall force of fish keratocytes with a recently established SFM-technique (14) (Fig. 1) . It uses the vertical and lateral deflection of a SFM-cantilever modified by a spherical probe (14) . A polystyrene bead is bound to an SFM cantilever tip (14) and positioned on the substrate in front of a migrating cell with a preset force to assure tight contact. Cells move unhindered until they encounter the bead, push it, and cause torsion of the cantilever (Fig. 1) . Because of the high normal force of the cantilever, the cell can only push the bead within its plane of movement until the opposing load reaches the cell's stall force (Fig. 1) . The torsional motion lifts the spherical probe from the substrate. Nevertheless, the bead still completely stalls the motion and the lamellipodium cannot slip through under the probe. If the vertical preset force was chosen very low (<1 nN), the cell would be able to squeeze beyond the bead and to push the cantilever upwards. High-resolution interference reflection microscopy measures the free cell velocity and monitors precisely the position of the lamellipodial edge with respect to the spherical probe to additionally assure that the lamellipodium does not slip under the probe and that the cell is fully stalled by the bead as obstacle. The validity of this technique has been recently verified by the fact that similar approaches produced the same quantitative results (7, 8) . In addition, we use lamellipodium feature tracking analysis to measure the retrograde flow in some cells during unhindered motion (see Table S2 and Methods in the Supporting Material).
Force analysis
Vertical and rotational sensitivity s F (nm/V and rad/V, respectively) and normal and rotational spring constant k F (mN/m and Nm/rad, respectively) of the cantilever allow the conversion of the vertical signal into height and of the lateral signal into torque t. The lateral force F L can be evaluated using the general relation F L ¼t/l, where t ¼ s F k F DV L , and l is the moment arm. It consists of the tip length plus a certain fraction of the bead diameter, depending on the height of the lamellipodium, which was derived from topographical scans.
Cell culture and cytoskeletal drug treatment
Primary goldfish epithelial keratocytes were cultured in Dulbecco's modified Eagle's medium (E15-810; PAA, Etobicoke, Ontario, Canada) supplemented with 20% fetal calf serum (Cat. No. A15-043; PAA), 10 mM HEPES (H4034; Sigma, St. Louis, MO), and 100 U/ml penicillin-streptomycin (P0781; Sigma) in a custom-built experimental dish, which consists of a commercial petri dish with a 3-cm hole in the bottom and a 4-cm round glass coverslip (631-0177; VWR International, West Chester, PA) glued to it. The cells were cultured at room temperature and 5% CO 2 .
Cytoskeletal drugs (ML-7, 750 nM; cytochalasin D, 80 nM) were applied to the cell medium at least 12 h before any measurement, and it was assumed that the drug concentration inside and outside the cell reached equilibrium during that time. Cells remained viable and motile, with no observed apoptosis.
Modeling the force-velocity relation
A detailed model description can be found in the Supporting Material.
RESULTS AND DISCUSSION
Processes and interactions contributing to the force-velocity relation and entering the mathematical model
The mathematical model (15) (16) (17) (see Supporting Material) is based upon properties of individual actin filaments at the leading edge, cross-linked filaments in the more proximal regions of the lamellipodium, and examines their forces against the plasma membrane (Fig. 2) . Network behavior at the leading edge is dominated by semiflexible single polymer properties, because cross-linking molecules have not bound to the newly polymerized filaments yet (17) . Moreover, the branch point density (arising from filament nucleation, see below) is also very low in that region (18) , such that branching does not contribute essentially to cross-linking, which further validates the dominance of single filament behavior. We call this area the semiflexible region (SR). The network is more strongly cross-linked further away from the leading edge, because molecules had time to bind to longer existing filament parts. This cross-linking gradient is also reflected by the network structure with single actin filaments present at the periphery and bundled networks filling the proximal part (5, (19) (20) (21) (22) (23) . Network properties are thus more gel-like further back toward the cell body (24) . The transition from SR to gel is gradual, but we approximate it by a sharp gel boundary in the mathematical model. Although these two regions are structurally distinct, they are mutually dependent and connected, as the SR drives retrograde flow and pushes the gel rearward. Vice versa, the difference between the leading-edge velocity and the gel boundary velocity determines the dynamics of the SR depth, the length of polymers in the SR, and consequently the force they transmit (17) . The leading-edge velocity of the lamellipodium is set by the balance of forces exerted by filaments on the membrane, the external cantilever force, and all viscous forces resisting membrane motion (15, 25) . Filament cross-linking, entanglement, and retrograde flow determine the progression of the gel boundary (17) . These processes depend on the filament lengths in the SR. If the filaments in the SR are very short, gel protrusion stops, as these filaments cannot entangle, nor can they bind cross-linkers. Conversely, gel progression increases with longer free lengths, eventually saturating at a value determined by cross-linker concentration (15, 17) . The cross-linking rate increases with filament density, because denser filament packing permits cross-linkers to span the interfilament distance more frequently (17) .
Retrograde flow is maintained by polymerization at the leading edge and myosin contraction of the network at the boundary between the lamellipodium and the cell body, whereas contraction by myosin in the central lamellipodium contributes little (6, (26) (27) (28) . We model the retrograde flow using a gel theory that captures the viscoelastic properties of the actin network, polarization due to alignment of filaments into the direction of motion, and contraction by myosin (29) . Force transmission from substrate adhesion to the actin gel is described by friction in this theory.
New filaments are nucleated close to the leading edge (3, 30) . Polymerization is terminated by binding of capping proteins to the filament barbed ends (3, 30) , and capped ends move into the gel region. The steady motion and shape of fish keratocytes implies that capping and nucleation maintain a constant actin filament density in the SR (6) . According to the dendritic-nucleation model, new filaments grow from actin-related protein 2/3 complex (Arp2/3), which is bound to existing filaments. This branching requires activation of Arp2/3 by membrane-bound Wiskott Aldrich Syndrome protein (3, 30) . Branch points are formed at the membrane and move within seconds into the gel as filaments are cross-linked. Response times of filament density to external force in an in vitro experiment (31) and the slow filament nucleation rate (18) support the assumption that the filament density remains constant during our measurements.
The binding of filaments to the plasma membrane affects their force generation, because attached filaments either push or pull the membrane depending on their free length and the SR depth. Experimental evidence suggests that filaments transiently attach to the leading-edge membrane during the nucleation process (21, (32) (33) (34) (35) , but are also independent from nucleation via nucleation-promoting factors (16, 30, (34) (35) (36) and other F-actin-membrane-linking proteins (37) . Therefore, we incorporate attached and detached filaments in the model (4, 15) . Detached filaments polymerize and push against the leading-edge membrane, whereas attached filaments do not polymerize in our model and can exert either a pushing or a pulling force.
The mathematical model (see description and the expressions in Eq. S3 in the Supporting Material) comprises the dynamics of the number and length of attached and detached filaments in the SR, and the positions and velocities of both the gel boundary and the leading-edge membrane (Fig. 3) . The leading-edge position is equal to cantilever deflection after cantilever contact. We fit the model simulations by eye to the measurements. We only change the parameters shown in Table 1 to account for cell variability and drug effects. All other parameter values are either determined by the experimental setup, taken from the literature whenever available, or fitted once and then kept fixed (see Table S1 in the Supporting Material). Simulations start with parameter values that reproduce the velocity of the individual free running cell and the population average of the retrograde flow (see Table S2 ). Velocity and retrograde flow fix the value of the model's maximum cross-linking rate, because it has to be equal to the sum of both during free steady motion. Gel viscosity, friction, and contractile stress determine the retrograde flow velocity. Those parameters, as well as the filament density and polymerization rate, also affect the other phases of the force-velocity relation and are determined by fitting the cantilever deflection through all three of them (Fig. 3) .
Initial velocity drop
Upon first contact with the cantilever, the leading-edge velocity drops from~260 nm/s to <0.1 nm/s both in experiments and simulations (Fig. 3 D) . The velocity drop is the difference between the free cell velocity and the first detectable cantilever deflection velocity. The ensuing slow cell motion causes the force-velocity relations shown in Fig. 3 , A-C.
The boundary between the SR and gel decelerates slowly, but the initial leading-edge velocity drop appears to be instantaneous (Fig. 3 D) , and simulations suggest that it occurs within a few milliseconds. The forces causing this abrupt leading-edge deceleration are in the range of the zero point fluctuations of the cantilever of~0.05 nN (see Fig. S1 in the Supporting Material). The model explains the sensitive response of the leading edge to these minute forces by the rather long free polymer length in the SR. Fits of the model to measurements result in a filament length of the freely running cell of~1.8 mm (Fig. 3 E) . Such long filaments easily bend elastically (see Eqs. S1 and S2 in the Supporting Material) (11, 13) .
For given maximum cross-linking and polymerization rates, the free filament length is determined by the force per filament, which in turn depends on filament density. Small force per filament entails long free length. We will see in the next section how the free filament length adapts to force changes. The free filament length also crucially affects the time course of the concave phase, in particular the time until stalling. Hence, the fitting procedure results Biophysical Journal 102(2) 287-295 in a filament density value (and polymerization rate), providing for a force per filament and free filament length in the freely running cell-which explains the sensitive initial response and is compatible with the time course of the concave phase.
Retrograde flow accelerates
The concave phase follows the initial velocity drop (Fig. 3  A) . It lasts until the first force maximum of the deflection curve, where the stall force is reached. The leading-edge velocity increases slightly in the beginning, then it decreases and lamellipodium motion stalls. The leading-edge velocity is small initially, because filaments are long and the SR is soft. Long filaments cannot transmit the external force to the gel effectively. Thus, the gel keeps moving forward, the SR depth shrinks, and filaments bend (Fig. 3 E) . Bent filaments are cross-linked into the gel more quickly as the SR depth decreases. They shorten and become stiffer, which enables them to transmit larger forces without further bending, to straighten out and to cause the slight velocity increase.
Because the external opposing force prevents forward protrusion, the ongoing polymerization pressure pushes the actin gel rearward. Retrograde flow accelerates during the entire concave phase, as the force transmitted by the filaments in the SR increases with increasing stiffness (Fig. 3 D) . The external force shifts the partitioning of the polymerization velocity between forward protrusion and retrograde flow towards retrograde flow. The cell slows down as retrograde flow speeds up (Fig. 3 D) . Cell motion stalls when all polymerization velocity is converted into retrograde flow, in agreement with experimental reports showing the sum of protrusion velocity and retrograde flow to be approximately constant (26) .
The polymerization rate decreases exponentially with increasing force (4,13). Nevertheless, forces per detached filament stay at <1 pN (see Fig. S2 ), which is the single 
Results of all simulations are shown in Fig. 4 . Parameter values for the surfaces shown in Fig. 4 are given in the fifth column (smaller values of the gel viscosity and friction coefficient correspond to lower surface in Fig. 4 B, higher values to upper surface). All other parameter values are listed in Table S1 . Table S1 . See also Fig. 1 and Fig. S1 and Fig. S5 .
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filament polymerization stall force (11, 38) . Therefore, a reduction of the polymerization rate by the load per filament is not the crucial factor in cell deceleration. It is not the force-dependence of polymerization that shapes the force-velocity curve of the lamellipodium, but the interplay between filament shortening and bending in the SR and gel retrograde flow. Because the actin filaments continue to polymerize, retrograde flow is fast in the stalled state, and the polymerization force that pushes retrograde flow balances the external force when the cell stalls.
The magnitude of the stall force is determined by the maximum polymerization rate and gel properties like viscosity and adhesion. The polymerization rate influences also the free filament length. The time to reach the stall force increases with increasing filament density because the force per filament decreases, filaments are longer, and it takes longer to shorten them.
Adaptation to the stalled state
When the first maximum of the deflection is reached, the lamellipodium has not adapted to the larger external force yet. The ensuing adaptation to the stalled state causes a third phase of the force-velocity relation, which starts with a slight leading-edge retraction followed by irregular and transient oscillations with decreasing amplitude around the stall force (Fig. 3 A) . The durations and time courses of the transients are not generalizable and vary between cells, comprising anything between several undulations of force and velocity and a single incomplete one. However, the existence of an adaptation phase is a universal feature of the force-velocity curve, and has been observed in all simulations and experiments. Adaptation demonstrates that the force-velocity relation is a dynamic phenomenon. It does not describe the stationary velocity of the lamellipodium for a given force.
During the adaptation phase, the depth of the SR shrinks and filaments in the SR straighten further (Fig. 3 E) . The detachment rate of bound filaments increases exponentially with the pulling force (see Eq. S4 in the Supporting Material) (4, 39) . Therefore, whereas the fraction of attached filaments increases during the second phase due to the increasing external pushing force, during the third phase it decreases to the value in the stalled state (Fig. 3 F) .
Applications of cytochalasin D and ML-7
The mechanism is confirmed by the predictions of the model for the keratocytes' force-velocity relation, when the behavior of cytoskeletal proteins is modulated by drugs (Fig. 4) . We compare model predictions with experiments in two steps: First, we fit the model to the individual measurements as described above. Second, we assess whether significant changes of parameter values of drug-treated cells with respect to control cells are in line with the generally established knowledge about the action of the drug. We find that only the values of those parameters change significantly, which reflect the action of the drugs (Table 1) . All the other model parameters vary within a reasonable range, but are not significantly different between control and drug applications.
Cytochalasin D caps barbed filament ends, thus terminating their polymerization (40) . Consequently, it reduces the density of filaments, and also the cross-linking rate. Fits of the model to eight cells demonstrate that only the parameter values of filament density (Student's t-test p ¼ 7 10 À7 ) and cross-linking rate (p ¼ 8 10 À5 ) decrease significantly relative to control samples upon cytochalasin D application ( Table 1) . As a consequence, cytochalasin D reduces the velocity of an unhindered cell (see Table S2 ) and delays stalling by the cantilever (Fig. 3  B) . Additionally, the stall force is approximately one-third of the control value. All these properties are found in experiments and simulations.
Myosin can contract the actin gel; however, myosin contraction does not contribute significantly to centripetal actin network flow in the central lamellipodium of fish keratocytes (6, (26) (27) (28) . Accordingly, fits of the model to control experiments resulted in a small value of the contractility parameter. Myosin motors act also as cross-linkers. Fitting the model to seven cells shows that the effect of inhibiting The two additional surfaces demonstrate that all measured stall forces can be explained by the model within a realistic parameter value range for such parameters as cross-linking rate, filament density, the friction coefficient modeling adhesion, and viscosity of the actin gel (see Table 1 and Table S1 for parameter values).
Biophysical Journal 102(2) 287-295 myosin by ML-7 (41) can be well described by a reduction of the cross-linking rate (p ¼ 7 10 À5 ) and vanishing gel contraction (Fig. 3 C, Table 1 ). ML-7 also delays stalling by the cantilever, but the average stall force does not change with respect to controls. The quantitative agreement between experiments and simulations suggests that the protrusion mechanisms are accurately reproduced by our model.
Softer cantilevers
The velocity dropped less in experiments by the Radmacher lab (to~20 nm/s) (7, 8) than in our experiments (tõ 0.1 nm/s, Fig. 3 ). Accordingly, velocities in the concave phase were also larger in their experiments than in ours. The major difference between the experiments was the force constant of the cantilevers; Prass et al. (7) used a much softer cantilever (force constant 1.4 nN mm À2 ) than we did (290 nN mm
À2
). Simulations showed that the velocities in the concave phase are inversely proportional to the force constant (Fig. 5) , which explains the different measured velocities. The good agreement of the simulations with both sets of experimental results (7, 8) (Fig. 5) shows that the force-velocity curve and the magnitude of the velocity drop depend on the stiffness of the cantilever, and that simply the different values of the cantilever force constants explain the differences between studies. The stall force, however, does not depend on cantilever stiffness, which confirms that it is an intrinsic lamellipodium property.
CONCLUSION
We have considered for the first time all phases of the forcevelocity relation: the initial velocity drop upon cantilever contact, the concave relation up to the stall force, and the adaptation to the stalled state. They are explained by the interaction of a semiflexible actin network region near the leading edge with a gel-like actin network further back in the bulk of the lamellipodium (Fig. 6) . A small force of the order of the resulting filament forces of the freely running cell suffices to almost stop the lamellipodium leading edge, whereas the actin gel further back keeps moving. Consequently, the width of the SR shrinks and the filaments bend. Bent filaments transmit a higher force between the membrane and the gel, which leads to a slight increase of the leading-edge velocity before stalling. As filaments in the SR shorten, stronger external force is transmitted to the gel and retrograde flow increases. Retrograde flow compensates for polymerization in the stalled state. The force-velocity curve is a dynamic phenomenon. It does not reflect the velocity of the cell after long stationary application of an external force.
The mechanism reconciles the ideas on force generation by actin polymerization (2, 3, 6, 42) at the leading edge with the shape of the force-velocity relation. The exponential decrease of the polymerization rate with increasing force does not appear in the force-velocity relation, because retrograde flow responds more sensitively than the polymerization rate.
Our mechanism reproduces measured force-velocity relations in a range of parameter values accounting for cell variability (Fig. 4, Table 1 , and see Table S2 ) and uncertain parameter values like the persistence length (see Fig. S3 ). We also examined the possibility of catch bonds in focal adhesions shaping the force-velocity relation within our model by introducing a positive feedback from the force exerted on the leading edge to the friction coefficient that describes adhesion and found that they are not necessary to describe our experimental results (see Fig. S4 ).
We and others (7, 8, 43) found the leading-edge motion of the freely running cell to respond sensitively to very small forces. The SR is very compliant due to the rather long free filament length in the free cell. Thus, our results contribute to an ongoing discussion about the structure of the lamellipodium actin network, in which the length of filaments is a central topic. Long filaments imply small capping rates and consequently also small nucleation rates for steadily moving cells, whereas short filaments imply large rates (44, 45) . The discussion (45) (46) (47) (48) is mainly based on electron microscopy studies resulting in either long filaments (~1 mm) (18, 44) or short ones (~0.2 mm) (3, 28) . A recent evaluation of the branch point density in the same sample from 3T3 fibroblasts by two independent groups produced values of 277 mm À2 (49) and 140 mm À2 (48). Taking filament line density of~200 mm À1 (18) into account, we obtain an average free filament length between branch points of~0.72 mm and 1.4 mm, respectively. Whether filaments with these free lengths bend at the forces per filament occurring during the measurement can be estimated by the Euler buckling force. Gholami et al. (13) showed that semiflexible filaments are severely bent at this force. We obtain 0.2 pN with the smaller value of free length and 0.07 pN with the larger one using a persistence length of 10 mm. Clearly, actin filaments bend with both values of free length at the forces per filament occurring during the force-velocity measurements (see Fig. S2 ), which confirms our explanation for the SR elasticity.
Our approach is independent from electron microscopy studies and supports free filament lengths in the range of 1 mm. The model result of~1.8 mm for control is a little longer than the above values and the 1.3 mm previously reported (44); however, the absolute values of free filament length resulting from the simulations depend on the parameter value of the persistence length. We use the in vitro value 15 mm (50,51), because we are not aware of any in vivo measurements. Other in vitro measurements report values between 9 mm and 13.5 mm depending on the specific conditions (52) . The in vivo persistence length is most likely shorter, because cofilin can reduce it down to 2.2 mm (53,54). If we use a persistence length of 7.5 mm, simulations yield a free polymer length of~1.2 mm (see Fig. S3 ), which is in the range of the measured values. It also suggests a scaling of free polymer length with approximately the square root of the persistence length in agreement with the force extension relations (13, 55) . A low branch point and cross-linker density in the SR is required for the validity of our results, but not a branch point and cross-link free region. This model assumption is supported by the calculated differential SR stiffness of~60 Pa, which is in good agreement with values of weakly cross-linked F-actin networks (56, 57) .
Our results imply that filaments do not behave like stiff rods in the free cell at low forces, but only at larger forces in the later parts of the force-velocity relation, when free filament length has shortened: The lamellipodium stiffness adapts to the external force. This scenario corresponds to the explanation for the initial drop and ensuing increase of the velocity by Heinemann et al. (8) to result from the elastic response of a spring with increasing stiffness. Our model exhibits this adaptation of stiffness to force because free filament length is considered as a dynamic variable (not as a fixed parameter), and because force not only determines length dynamics but also length the force that can be exerted (see Eqs. S1 and S2 in the Supporting Material). Due to the sensitive dependence of stiffness on free length, it can adapt over two orders of magnitude and reach values comparable to the elastic modulus of cells (14) . The mechanism guarantees stiffness adaptation as fast as the cell moves, because the adaptation rate is set by the cross-linking rate that is similar to the free cell velocity.
The insight into actin-based force generation obtained here will improve our understanding of how cells force their way through tissue by dynamically adjusting their stiffness and load resistance. Cell motility is a critical process during metastasis of cancer cells (58) , when neuronal growth cones find their way during development, or when wounds heal.
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